Abstract. The states with J π = 0 + , 2 + , and 4 + of 12 C with excitation energies less than about 15 MeV are investigated with the alpha condensate wave function with spatial deformation and by using the method of ACCC (analytic continuation in the coupling constant) which is necessary for a proper treatment of resonance states. The calculated energy and width of the recently observed 2 
Abstract. The states with J π = 0 + , 2 + , and 4 + of 12 C with excitation energies less than about 15 MeV are investigated with the alpha condensate wave function with spatial deformation and by using the method of ACCC (analytic continuation in the coupling constant) which is necessary for a proper treatment of resonance states. The calculated energy and width of the recently observed 2 + 2 state are found to be well reproduced. The obtained 2 + 2 wave function has a large overlap with a single condensate wave function of 3α gas-like structure. The density distribution is shown to be almost the same as that of the 0 + 2 state that is regarded as a 3α Bose-condensed state, if the energy of the 2 + 2 state is scaled down to the same value as the one of the 0 + 2 state. Furthermore, the kinetic energy, nuclear interaction energy, and Coulomb interaction energy of the calculated 2 + 2 state are shown to be very similar to those of the 0 + 2 state. We conclude that the 2 + 2 state has a structure similar to the 0 + 2 state of Bose-condensate character with a dilute 3α gas-like structure. In addition, the resonance states, 0 
Introduction
In our previous paper [1], we made the strong suggestion that 12 C, 16 O, and other self-conjugate 4n nuclei should have a gas-like structure of alpha particles in their excited states near the nα breakup threshold, and that this structure could be regarded as a kind of Bose-Einstein condensate, though only a few bosons are concerned in nuclear systems. The 0 
state of
16 O, observed at 0.44 MeV below the 4α threshold, were indentified as candidates of the three-alpha condensed state and a possible candidate of the four-alpha condensed state, respectively by an investigation where the following type of wave function was adopted:
Here
, with j(i) ≡ 4(i − 1) + j, are the internal wave functions and center-of-mass coordinates of the i-th alpha cluster, respectively. This wave function has the a e-mail: funaki@ruby.scphys.kyoto-u.ac.jp characteristic feature that all center-of-mass motions of the constituent alpha clusters occupy the same spherical S-wave orbit, exp(−2X 2 /B 2 ). It also distinguishes itself from other α cluster models by the fact that the alpha clusters do not have any definite geometric configuration, but are allowed to move freely with small inter-alpha correlations or interactions, forming a dilute gas-like structure. It should be noted that the above-mentioned characteristics can be put forward only as far as the variational parameter B takes a sufficiently large value so that the action of the antisymmetrizer, A, is weak and almost negligible.
It is to be noted that the excited state of a selfconjugate 4n nucleus which has a well-developed nα cluster structure around the nα breakup threshold has almost zero inter-alpha binding energy and is only held together by the Coulomb barrier. Since α-particles are bosons, the gas-like state with almost zero inter-alpha binding energy is naturally considered to have Bose-condensed structure (see also [2] ).
For the n = 3 case, i.e. 12 C, detailed analysis was made by several authors about a quarter century ago, and they revealed the fact that several excited states observed in the vicinity of the 3α particle threshold have an apparent 3α cluster structure [3] [4] [5] [6] . Especially, complete 3α calculations with fully microscopic models were performed by two groups, Uegaki et al. The present paper will mainly focus on the exploration of the excitation modes of the finite alpha condensate by studying the states of 12 C with quantum numbers J π = 0 + , 2 + , and 4 + with excitation energies less than about 15 MeV. The exploration is made by using an α condensate wave function with spatial deformation. In spite of the fact that the existence of the 2 + 2 state has been suggested at around 3.0 MeV above the 3α threshold by the former theoretical works [3] [4] [5] , it was only quite recently that the 2 + 2 state was observed at 2.6 ± 0.3 MeV above the 3α threshold together with the alpha decay width, 1.0 ± 0.3 MeV [8] . Morinaga expected the existence of a rotational band with the 0 + 2 state as the band head and assumed a 3α linear-chain structure as the intrinsic structure of the band [9] . However, as already mentioned above, this assumption is now hardly acceptable because the 3α structure of the 0 + 2 state is far from that of a linear-chain configuration of 3α particles. The 2 + 2 state, in view of the microscopic 3α cluster model calculations [4] , is dominated by the channel, I = 0 and l = 2, and has a large reduced α-width amplitude, θ 2 (a) = 0.63, with the channel radius, a = 6.0 fm. This fact indicates not only that this state has a well-developed 3α cluster structure like the 0 + 2 state, but also that the 2 + 2 state will be able to be classified in the same family as the 0 In order to explore the excitation modes of the 3α condensate, we study the 2 + 2 and 0 + 3 states by a GCM (generator coordinate method) calculation in which deformed 3α condensate wave functions are superposed. This type of GCM calculation was successfully used in our previous paper [7] for the study of the 0 + 2 state. However, the GCM calculation was not successful for the 2 + 2 and 0 + 3 states, because this GCM calculation is a bound-state approximation in spite of the fact that these states are resonances with rather large widths of more than 1 MeV, while the width of the 0 + 2 state is very small of only a few eV. Thus, in order to overcome this defect, we apply, beyond the bound-state approximation, the method of ACCC (analytic continuation in the coupling constant) to our previous formalism. This method was first proposed by Kukulin et al. [13] , and is now recognized as a powerful method to calculate the energy and total width of a resonance state [14, 15] .
The main result of the present paper is that the microscopic 3α condensate wave function with spatial deformation is able to reproduce consistently both energy and total width of the recently observed 2 + 2 state by the application of the method of ACCC. Furthermore, the 2 + 2 state is found to be mostly represented by a single 3α condensate wave function with slightly deformed shape, where the resonance wave function of the 2 + 2 state is obtained by the use of our newly devised technique which allows us to extract correct resonance wave functions even within the formalism of bound-state approximation. The density distribution is shown to be almost the same as that of the 0 state where three alpha particles form a gas-like structure with dilute density. On the other hand, we found that our present functional space of the α condensate wave function in which strongly prolate condensed wave functions are not included is, presumably, not well adapted to represent the 0 + 3 state. This point of view may be reasonable if the 0 + 3 state has 3α linear-chain-like structure. The content of this paper is as follows. In sect. 2, the formulation of the present aproach is explained. A brief description of our GCM approach in which the deformed condensate wave functions are superposed after angular-momentum projection and the complete elimination of the center-of-mass spurious components is given. The ACCC method is also outlined there. The results of the GCM calculations for the 0 
